Introduction
During development of the rat cerebral cortex, neurons and glia are generated sequentially, with neurogenesis occurring primarily in the embryo and gliogenesis postnatally. Projection neurons of the 6 cortical layers are generated from dividing progenitors of the underlying ventricular (VZ) and subventricular zones (SVZ) in an inside-out fashion (Angevine and Sidman 1961; Rakic 1974) . Since cell type and laminar fate depend on the time of terminal division (McConnell and Kaznowski 1991) , signals regulating cell cycle withdrawal may also impart cell fate determination (Ohnuma et al. 2001) .
Cell cycle progression is driven by cyclin/cyclin-dependent kinase (CDK) complexes whose activities are negatively regulated through associations with CDK inhibitors (CKIs). CKIs of the Cip/ Kip family, including p21
Cip1 (p21), p27 Kip1 (p27) , and p57
Kip2
(p57), block activities of multiple cyclin/CDK complexes (Sherr and Roberts 1999) . By binding cyclin E/CDK2 complexes, Cip/Kip proteins prevent G1/S-phase transition and induce cell cycle withdrawal. While family members share a conserved N-terminal domain that binds and inhibits cyclin/CDK complexes, they diverge in C-terminal regions, suggesting distinct functions and mechanisms (Besson et al. 2008) . Moreover, 3 alternative splice isoforms of p57 transcript have been uncovered in the rat that generate N-terminal heterogeneity (Potikha et al. 2005 ), but their functions remain undefined. The roles of Cip/Kip proteins in controlling cell proliferation are well documented (Nakayama et al. 1996; Sherr and Roberts 1999) . In addition, CKIs regulate cell differentiation, migration, and apoptosis in several peripheral tissues (Zhang et al. 1997; Besson et al. 2008) and play similar roles during brain development. Cip/Kip proteins regulate gliogenesis, including cortical astrocyte proliferation (Koguchi et al. 2002) , cortical oligodendrocyte differentiation Zezula et al. 2001; Dugas et al. 2007 ) and retinal Mu¨ller glial cell determination (Ohnuma et al. 1999) . Several studies also highlight the importance of Cip/Kip proteins in neurogenesis. p27 regulates neuronal differentiation and radial migration in mouse neocortex, involving 2 distinct domains and mechanisms ). In the retina, p57 regulates development of a restricted subset of amacrine interneurons Cepko 2000, 2001) . In the midbrain, p57 influences differentiation and survival of dopamine neurons by cooperating with orphan nuclear receptor Nurr1 (Joseph et al. 2003) , while in cortical precursors, it may mediate cell cycle exit elicited by antimitogenic signals (Carey et al. 2002) . While gene knock down experiments suggested the involvement of p57 in cortical migration (Itoh et al. 2007 ), a role in cortical differentiation remains undefined. In this study, using overexpression approaches and p57-deficient cortical cells, we report that p57 participates in multiple events of corticogenesis. In addition to eliciting cell cycle exit, p57 induced precocious cell differentiation, process outgrowth, and radial migration of rodent cortical progenitors. Comparison with related family member p27 indicates that the 2 CKIs have both overlapping as well as nonredundant activities during corticogenesis. While both induced neuronal and glial differentiation, p57 promoted more neuronal differentiation than p27. Moreover, p57 blocked the astrogliogenic effects of ciliary neurotrophic factor (CNTF) contrary to p27, suggesting that the 2 CKIs modulate cell fate decisions differentially in a context-dependent manner. Finally, in contrast to p27 , the differentiation and migration functions of p57 both require the cyclin/CDK binding/inhibitory domains.
Materials and Methods

Animals
Time-mated pregnant Sprague Dawley rats were obtained from Hilltop Lab Animals. p57-deficient mice were obtained from Zhang et al. (1997) . p57 is a maternally expressed imprinted gene so that heterozygous mutants with a defective maternal allele (p57+/m-) exhibit the same phenotype as homozygous p57-/-mutants (Zhang et al. 1997) . Studies were performed on wild type (WT) and p57+/m-(p57KO) heterozygous littermates obtained by crossing WT males with p57+/p-females. Genotypes were determined by standard polymerase chain reaction (PCR), as described previously (Zhang et al. 1997) . p27+/-mice were obtained from The Jackson Laboratory (reference number: 003122) and genotyped as previously described (Fero et al. 1996) . Specificity of p27 antibodies was verified on p27 homozygous null mutant brains (p27KO).
The day of vaginal plug detection was considered E0.5. Animals were housed in a temperature-controlled room with standard laboratory food and water provided ad libitum. All animal manipulations and experimental procedures were performed in accordance with the guidelines for animal experimentation of IACUC and NIH.
Plasmid Constructs cDNAs corresponding to coding regions of p27 (NCBI accession number NM_004064, 597 bp from 466 bp to 1062 bp), p57 (U20553, 1047 bp from 41 bp to 1087 bp), and Ngn2 (NM_009718, 792 bp from 315 bp to 1106 bp) were inserted into pCIG2 plasmid (Hand et al. 2005) between XhoI and EcoRI restriction sites. pCIG2 vector, which was modified from pCIG vector (Megason and McMahon 2002) , contains an internal ribosomal entry site and the enhanced green fluorescence protein (EGFP) under the control of a chicken b-actin promoter and an cytomegalovirus-immediate early enhancer. We also subcloned in pCIG2 plasmid between the same restriction sites the Nterminal region of p57 cDNA (Nterp57) which corresponds to the cyclin/CDK inhibitory domain (U20553, 342 bp from 41 bp to 382 bp) and its C-terminal region (Cterp57), corresponding to p57 devoid of the cyclin/CDK inhibitory domain (U20553, 792 bp from 296 bp to 1087 bp). In addition, we generated a p57 mutant vector (p57CK-) deficient for interaction with both cyclins (R33A and F36D, NCBI accession number AAC52186) and CDKs (W63A and F67D), by sitedirected mutagenesis as described previously (Watanabe et al. 1998; Nguyen et al. 2006) . Sequences and point mutations were verified by DNA sequencing (GENEWIZ). Plasmids were extracted and purified using EndoFree plasmid Maxi kit (Qiagen).
Cortical Cell Culture At E14.5 or E17.5, rat or mouse pregnant females were sacrificed by CO 2 asphyxia and embryos were removed from uterine horns. Skin, skull, and meninges were removed from embryo heads. The dorsolateral cortex was dissected and mechanically dissociated using a firepolished glass pipette. Before dissociation, E17.5 cortices were digested with trypsin (0.25 mg/mL, Worthington) for 20 min followed by trypsin inhibitor (1 mg/mL, Sigma) incubation for 2 min.
For quantitative reverse transcriptase-polymerase chain reaction (Q-RT-PCR) analysis, rat cortical cells were plated at 1750 cells/mm 2 (1.7 millions cells/dish) on poly-D-lysine (100 lg/mL, Sigma)-coated 35 mm dishes, in defined medium, as previously described (Lu and DiCiccoBloom 1997; Mairet-Coello et al. 2009 ). Culture medium was composed of a 50:50 (v/v) mixture of DMEM and F12 (Invitrogen) containing penicillin (50 U/mL, Invitrogen) and streptomycin (50 lg/mL, Invitrogen) and supplemented with transferrin (100 lg/mL, Calbiochem), putrescine (100 lM, Sigma), progesterone (20 nM, Sigma), selenium (30 nM, Sigma), glutamine (2 mM, Invitrogen), glucose (6 mg/ mL, Sigma), and bovine serum albumin (10 mg/mL, Sigma). Cultures were maintained in a humidified 5% CO 2 /air incubator at 37°C. Cells were incubated for 24 h with basic fibroblastic growth factor (bFGF, 10 ng/mL, Scios), pituitary adenylate cyclase-activating polypeptide (PACAP, 10 -8 M, American Peptide), or neurotrophin-3 (NT3, 10 ng/ mL, PeproTech). To study the effect of mitogen withdrawal on CKI expression, cells were incubated in presence of bFGF (10 ng/mL) for 24 h, rinsed twice with medium without bFGF and incubated in absence of bFGF for 24 h. Control cultures were rinsed and replaced with medium containing bFGF, at the same time.
For neurite outgrowth studies of p57-deficient cells, individual cortices were dissected, dissociated, and plated separately from mouse embryos whose genotype was determined after the experiment. Cells were plated at a density of 104 cells/mm 2 (100 000 cells/dish) on poly-D-lysine (5 lg/mL)-coated 35 mm dishes and incubated for 24 h in defined medium as described above. Then, cells were fixed with icecold 4% paraformaldehyde (PFA, Sigma) prepared in 0.1 M phosphate buffered saline (PBS) for 20 min and washed with PBS. For studies of differentiation and process length of nestin+ and TuJ1+ cells, WT and p57-deficient cells were grown on poly-D-lysine-coated 35 mm dishes in Neurobasal/B27 (Invitrogen) medium containing bFGF as described below and fixed at 48 h.
In Vitro Transfection E14.5 or E17.5 rat cortical cells were plated at a density of 815 cells/ mm 2 (400 000 cells/coverslip) on poly-D-lysine (100 lg/mL) and laminin (16 lg/mL, Invitrogen)-coated 25 mm glass coverslips and incubated in Neurobasal/B27 medium containing bovine serum albumin (1 mg/mL), glutamine (2 mM), penicillin (25 U/mL), streptomycin (25 lg/mL), and bFGF (10 ng/mL). Two hours after plating, cells were washed with Neurobasal/glutamine medium and transfected in Neurobasal/glutamine/B27 containing Lipofectamine LTX and Plus Reagents (Invitrogen) with pCIG2 plasmids (1 lg/mL). Five hours later, reaction medium was replaced with plating medium, and cells were incubated for 24 h or 48 h. To assess S-phase entry, some coverslips were incubated with 10 lM Bromodeoxyuridine (BrdU, Sigma) for the last 4 h of cultures. To study the effects of CKIs on glial differentiation, CNTF (10 ng/mL, Calbiochem) was added after transfection to the growth media (containing bFGF) to promote astrocyte differentiation (Bonni et al. 1997; Song and Ghosh 2004) . Cells were fixed with ice-cold 4% PFA for 20 min and washed in PBS.
In Utero Electroporation
Pregnant rats at E15.5 or E18.5 were anaesthetized with a mix of ketamine (100 mg/kgbw, Ketaset, Fort Dodge Animal Health) and xylasine (10 mg/kgbw, Xyla-Ject, Phoenix Pharmaceuticals). Uterine horns were exposed by laparotomy, and embryos were transilluminated to visualize the cerebral cortex. Three microliters of plasmid solution (diluted at 1 lg/ll in 0.1 M PBS pH 7.2, containing 0.05% fast green dye, MP Biochemicals) were manually microinjected into the right or the left lateral ventricle (LV) through the uterine wall, using a Hamilton syringe (33/1##/PT4). Injections were considered successful when the dye spread into the contralateral ventricle. Immediately after injection, 5 electric pulses (50 V, 50 ms) were delivered at a rate of one pulse per second by a square wave electroporation system ECM 830 (BTX, Harvard Apparatus). After electroporation, the uterine horns were returned to the abdominal cavity, and muscle and skin were sutured. To minimize pain and discomfort, animals were given Rimadyl (2 mg/ tablet). At the indicated times (1-4 days after electroporation), pregnant females were sacrificed by CO 2 asphyxia and embryos were removed. Brains were dissected, fixed by immersion in 4% PFA-PBS overnight at 4°C, and transferred to a 30% sucrose-PBS cryoprotective solution for 1 day at 4°C. For postnatal analyses, postnatal day 10 (P10) pups were anaesthetized with a mix of ketamine/xylasine and perfused through the left ventricle with 0.9% NaCl followed by 4% PFA-PBS. Brains were postfixed in the same fixative for 1 h and immersed in 30% sucrose-PBS overnight at 4°C. Embryonic and P10 brains were embedded in optimal cutting temperature compound (Tissue Tek, Sakura Finetek) and frozen on dry ice. Brains were cut into 12-lm coronal sections with a cryostat-microtome (Leica). Sections were mounted on Superfrost Plus slides (VWR), dried at room temperature for at least 2 h, and stored at -20°C until use. For BrdU analysis, the pregnant rat was injected subcutaneously with BrdU (100 mg/kgbw) 2 h prior to the sacrifice.
To define effects of CKIs on neuronal differentiation in vivo, cortices from each electroporated embryo were dissected individually 24 h or 48 h after in utero electroporation, incubated in trypsin solution for 15 min followed by trypsin inhibitor solution, and mechanically dissociated in Neurobasal/B27/bFGF medium. Cells were plated for 2 h on poly-D-lysine-coated dishes, fixed, and assessed for TuJ1 immunoreactivity.
Q-RT-PCR
Total RNA was extracted using the RNeasy Mini Kit (Qiagen). During RNA isolation, contaminating DNA was removed by DNase I treatment (Qiagen) according to manufacturer's instructions. One microgram of total RNA was reverse transcribed with SuperScript II reverse transcriptase (Invitrogen) in presence of random primers (Promega), dNTPs (Promega), and RNase inhibitor (RNaseOUT, Invitrogen). Quantitative PCR was performed on cDNA using the PCR Master Mix (Applied Biosystems) which contains buffer and preset concentrations of MgCl 2 , dNTPs, and SYBRgreen in the presence of forward and reverse primers specific for the gene of interest (900 nM each). The primers, designed by using the Primer Express software (Applied Biosystems), were: p21 forward primer 5#-GACATCTCAGGGCC-GAAAAC-3#, p21 reverse primer 5#-CGGCGCTTGGAGTGATAGAA-3#, p27 forward primer, 5#-CCTTCGACGCCAGACGTAAA-3#, p27 reverse primer 5#-AGCAGTGATGTATCTAATAAACAAGGAATT-3#, p57 forward primer, 5#-ACCCCGCGCAAACGT-3#, p57 reverse primer 5#-AGATGCC-CAGCAAGTTCTCTCT-3#, Ngn2 forward primer 5#-ATTCTCGCCGGGT-CTATTCAC-3#, Ngn2 reverse primer 5#-GCTGCCTGGCTGAAATGC-3#. PCRs were performed in the ABI Prism 7000 Sequence Detection system (Applied Biosystems). Amplifications obtained with rodent GAPDH forward and reverse primers (200 nM each) were used as reference (TaqMan Rodent GAPDH, Applied Biosystems). The relative differences between groups were calculated based on the values of the gene of interest normalized over the corresponding values of the GAPDH gene.
Western Blotting Analysis
Prior to analyzing p57 protein localization in embryonic cortex by immunohistochemistry, we assessed the specificity of 7 commercial anti-p57 antibodies by western blotting on cortex homogenates obtained from E14.5 WT and p57KO mouse embryos. Antibodies tested were from Sigma (KP39/P2735, mouse), Lab Vision-NeoMarkers (KP10/Ab-6/clone 57P06, mouse), BD-Pharmingen (#556346, mouse), and Santa-Cruz Biotechnology (C-20/sc-1040, rabbit; E-17/sc-1037, goat; H-91/sc-8298, rabbit; M-20/sc-1039, goat). Both the right and left cortices were dissected after removing the meninges, pooled, and then homogenized in the same lysis buffer, as described previously (MairetCoello et al. 2009 ). Briefly, lysates were sonicated, and the supernatants were assayed for protein content using the Bio-Rad Protein Assay (BioRad). Eighty micrograms of protein were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then electrotransferred onto polyvinylidene difluoride membranes (Bio-Rad). Membranes were blocked with blocking buffer containing 5% fat-free dry milk in Trisbuffered saline solution and Tween 20 (10 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.05% Tween 20) and incubated overnight at 4°C with primary antibody diluted in blocking buffer (1:20-1:2000) . Incubations with horseradish peroxidase conjugated secondary antibodies (1:1000) were performed for 1 h at room temperature, and visualization was performed using chemiluminescence (ECL, Amersham Biosciences). While all the antibodies labeled p57 overexpressing cells after in vitro transfection (data not shown), only 2 (E-17/sc-1037 and H-91/sc-8298) revealed specific endogenous protein signal by western blotting, that is, a 57 kDa band in WT mouse cortex homogenates that was absent in p57KO cortex. Only the H-91/sc-8298 gave specific cellular labeling in embryonic mouse cortex by immunohistochemistry (see next section and Result section). p57 antibodies that were not specific based on western blotting also gave rise to cortical immunostaining localized to nuclei and/or cytoplasm in both the WT and p57KO embryos (data not shown).
Immunocytochemistry and Immunohistochemistry
Primary antibodies used in this study included antibodies to p27 (BDPharmingen #554069, mouse, 1:1000; Santa-Cruz sc-528/C-19, rabbit, 1:400), p57 (Santa-Cruz sc-8298/H-91, rabbit, 1:50 on mouse brain sections and 1:200 for overexpression studies; sc-1039/M-20, goat, 1:200 for detection of Cterp57), Ngn2 (Santa-Cruz sc-50402/H-55, rabbit, 1:50), S-phase marker BrdU (Becton-Dickinson Biosciences, mouse, 1:100), M phase marker phosphohistone H3 (Ser10, Upstate Biotechnology-Millipore, rabbit, 1:200), cell cycle marker PCNA (SantaCruz sc-25280, mouse, 1:1000), neural precursor marker nestin (Chemicon-Millipore, mouse, 1:400 for cell cultures, 1:1000 on tissue sections), early neuronal marker bIII-tubulin (TuJ1, Covance, rabbit or mouse, 1:1000), transcription factor Tbrain-1 (Tbr1, Chemicon-Millipore, rabbit, 1:2000 for cell cultures, 1:1000 for sections), astrocyte marker glial fibrillary acidic protein (GFAP, DakoCytomation, rabbit, 1:3000 for cell cultures, 1:500 on tissue sections), mature neuronal marker NeuN (Chemicon-Millipore, Mouse, 1:1000), GFP (ChemiconMillipore, chicken, 1:500), Layer II-III marker Cux1 (anti-CDP M-222, Santa Cruz sc-13024, rabbit 1:200), apoptotic marker activated caspase-3 (Cell Signaling, Asp175, rabbit, 1:200). Cells or sections were rinsed in PBS containing 0.3% triton X-100 (PBS-T) for 10 min and incubated with the primary antibody overnight at 4°C. Monoclonal antibodies were diluted in PBS-T, and polyclonal antibodies were diluted in a PBS-T solution containing 10% lactoproteins, 1% bovine serum albumin, and 0.01% sodium azide. Staining was visualized using Alexa Fluor 588 (1:500-1:1000), 594 (1:500-1:1000), or 350 (1:200-1:400) conjugated secondary antibodies (Molecular Probes-Invitrogen).
For p57 and p27 immunodetection in embryonic mouse neocortex, brains were dissected and fixed by immersion in 1% PFA-PBS for 1 h at 4°C and incubated in 30% sucrose-PBS overnight at 4°C. Brains were embedded and cryo-sectioned as described above (see In Utero Electroporation section). For BrdU detection, cells and sections were treated prior to immunolabeling with 50 U/mL (cell cultures) or 500 U/mL (tissue sections) DNase I for 10 min at room temperature (Ye et al. 2007 ). For NeuN and Cux1 detection, sections were submitted to antigen retrieval procedure in 10 mM citrate buffer pH = 6 at 90°C for 5 min. 
Cell Counting and Data Analysis
For in vitro studies of cell differentiation, transfected rat cells (EGFP autofluorescence) immunolabeled with the indicated marker were counted at 320 objective in 10 nonoverlapping fields on at least 3 coverslips per group (400-1000 cells/vector) from 3 independent experiments, using AxioVision 4.5 software. Number of WT and p57KO mouse cortical cells labeled for nestin and TuJ1 were counted at 320 objective in 10 nonoverlapping fields on two 35-mm dishes per embryo (WT: n = 10 embryos, p57KO: n = 8 embryos, 3 litters, 2000-2500 cells), using AxioVision 4.5 software. The smallest cell body diameter and length of the longest process visualized with EGFP autofluorescence were measured at 320 objective, on 5-10 randomly selected fields, on 3 coverslips per group (100-150 cells/vector), using the measurement function of Image Pro Plus 6.0 Software (Media Cybernetics). The number of cells bearing at least one process longer than 5 cell body diameters was quantified based on these measurements. Analysis of processes in E14.5 WT and p57KO mouse cortical cells was performed using an Axiovert 35 microscope (Carl Zeiss MicroImaging), directly under a 332 objective of a brightfield phase microscope. The number of cells bearing at least one process greater than 2 cell body diameters was counted in three 1-cm rows on two 35-mm dishes per embryo (300-400 cells/dish, 3 embryos/genotype). Process length of nestin+ and TuJ1+ cortical cells from WT and p57KO mice were measured at 320 objective in 5 non-overlapping fields on one 35-mm dish per embryo (WT: n = 5 embryos, p57KO: n = 4 embryos, 80-120 cells), using Image Pro Plus 6.0 Software.
To study the potential relationship between protein expression levels and process outgrowth, the quantity of CKI overexpressed protein was evaluated by thresholding immunofluorescence using the Image Pro Plus software. Digital images were obtained with a Zeiss Axiovert-200 microscope at 320 objective using Axiovision software and a fixed exposure time that was below the threshold of saturation. The mean of intensity of p27 or p57 immunolabeling was measured in transfected cells inside an area delimited by the cell body. The length of the longest process was measured based on EGFP autofluorescence. Analyses were performed in 5 nonoverlapping fields on 2 coverslips (n = 50-60 cells/vector).
For in vivo study of differentiation, cortical cells were dissociated from 3 to 5 embryos per vector (from 4 different gestational injections), 24 h after in utero electroporation. bIII-tubulin+ EGFP+ cells were counted at 320 objective in 12-14 nonoverlapping fields, using the Axiovert 200M microscope and AxioVision 4.5 software. For in vivo BrdU and cell migration analyses, 3-5 electroporated embryos were analyzed per group, using confocal microscopy and Image Pro Plus Software 6.0. The different zones of the embryonic cortex were identified with propidium iodide staining (Sigma) which reveals differences in cell densities, with high density in the VZ/SVZ, low density in the intermediate zone (IZ), and high density in the cortical plate (CP). BrdU labeling was analyzed in EGFP+ cells present in the VZ/SVZ, 24 h after electroporation. In order to detect changes of migration inside the CP, the CP was divided into 2 zones (upper and lower CP) with equivalent height. The number of EGFP+ cells was counted in the different cortical zones within a rectangle of 400-lm width, 3 or 4 days after electroporation and presented as the percent of EGFP+ cells counted per zone over the total number of EGFP+ cells counted in the rectangle. To study the potential relationship between protein expression levels and distance of migration, the quantity of CKI overexpressed protein was evaluated by thresholding immunofluorescence using Image Pro Plus. Digital images were obtained with a confocal microscope at 325 objective and a fixed exposure time below the threshold of saturation. The distance of cell migration was measured from the wall of the LV. Analyses were performed on one representative section (n = 90-120 cells/vector).
For postnatal studies of neuronal and glial fate, sections of P10 brains electroporated at E15.5 or E18.5 were triple labeled for NeuN, GFAP, and GFP. The proportion of EGFP+ cells expressing NeuN or GFAP was counted on 4 sections per brain from 4 to 7 pups per group using Zstack function of Axiovert 200M microscope equipped with Apotome and Axiovision software. For radial migration analyses at P10 of brains electroporated at E15.5, the radial extent of the cortical wall was divided into 9 bins of equivalent height from layer VI to II. To study cell positioning within the cortical layers II-III, P10 brain sections were labeled for Cux1, a specific marker of layers II-III. Layers labeled for Cux1 were divided into 2 equal bins. The proportion of EGFP+ cells was counted in the different bins within a rectangle of 600-lm width on 2 sections per brain (4-7 pups per group) using Image Pro Plus software.
All data are expressed as means ± standard error of the mean (SEM).
Statistical analyses were performed using the one-way analysis of variance followed by Dunnett post hoc test to compare multiple groups with control (GraphPad InStat 3). When indicated, unpaired Student's t test (2-tailed P value) was used to compare 2 groups.
Results
p57 Is Expressed in Both Proliferative and Postmitotic Compartments in the Developing Cortex
To first define the temporal relationships of the CKIs in the cortex, we examined expression of p21, p27, and p57 mRNAs in developing rat cortex using Q-RT-PCR. All 3 genes are expressed throughout corticogenesis but exhibit distinct temporal profiles. The level of p21 expression increases gradually from E12.5 to E20.5. p27 mRNA was abundant at mid-and late-corticogenesis, while p57 was more abundantly expressed at early and middle stages (Fig. 1A) , suggesting that Cip/Kip members may play distinct roles at different stages of cortical development. Moreover, in agreement with previous studies (van Lookeren Campagne and Gill 1998), PCR amplification profiles suggest that p21 is weakly expressed in developing embryonic cortex in comparison with p27 and p57 (not shown), suggesting that p21 does not likely exert a dominant role during cortical development. We thus focused our analyses on p57 and p27.
To begin exploring the role of p57 and p27 in corticogenesis, we examined their expression in the cerebral cortex of E14.5 mouse embryos by immunohistochemistry. p57 was localized in nuclei of postmitotic cells of the CP and migrating cells of the IZ as well as cells in the proliferative zones (Fig. 1B) , whereas p27 expressing cells were primarily found in the IZ and CP with fewer cells in the VZ/SVZ (Fig. 1D ). In the VZ/ SVZ, p57 was expressed in a group of proliferating precursors and as well as postmitotic neurons, as shown by coexpression with cell cycle marker PCNA and early neuronal marker bIIItubulin, respectively (Fig. 1F,G) . The specificity of the p57 antibody was assessed by western blotting on protein extracts from E14.5 WT and p57KO mouse cortices. While a strong 57 kDa band was detected in WT cortex, only a weak signal was noted in p57KO cortex ( Supplementary Fig. S1 ). Moreover, no p57 immunoreactivity was detected on p57KO brain sections, confirming that the antibody does not cross-react with the other Cip/Kip members (Fig. 1C) . For p27 immunodetection, we used 2 different antibodies and found that both exhibited the same pattern of expression on WT mouse cortical sections. In contrast, no p27 signal was detected in p27KO brains, indicating the specificity of the antibodies ( Fig. 1E and not shown).
These observations indicate that expression of p57 coincides with the transition from precursor cell to postmitotic neuron, suggesting p57 may play roles at different steps of neurogenesis, including cell cycle control, migration, and differentiation. Similar roles were previously reported for p27 ).
p57 Expression Is Regulated by Mitogenic and Differentiation Factors in Embryonic Cortical Precursors
To examine p57 regulation during cortical development, we analyzed its expression by Q-RT-PCR in cultures of E14.5 rat cortical precursors incubated in serum-free defined medium (Lu and DiCicco-Bloom 1997) following exposure to factors controlling proliferation and/or differentiation. We analyzed p27 expression in parallel to determine whether p57 and p27 genes exhibit distinct or similar regulation. Moreover, to explore possible relationships with genes involved in neurogenesis, we examined expression of pro-neural bHLH transcription factor Ngn2.
In the presence of mitogenic signal bFGF, levels of both p57 and p27 mRNAs were decreased in E14.5 cortical precursor cultures at 24 h (p27: 44.3 ± 2.70%; p57: 44.4 ± 3.69%; mean % ± SEM, normalized to GAPDH and expressed as % of control considered as 100%; n = 6; P < 0.001), supporting their role as negative regulators of the cell cycle (Sherr and Roberts 1999) . Ngn2 mRNA level was also decreased by the mitogenic factor (13.3 ± 0.67% of control; n = 6; P < 0.01).
Conversely, when neuronal differentiation was induced by bFGF withdrawal 24 h after plating, p57, p27, and Ngn2 mRNA levels were all increased, by 26%, 52%, and 96%, respectively, 24 h later (P < 0.05; P < 0.01; P < 0.01; n = 6). However, when differentiation was triggered by antimitogenic/differentiation factor PACAP, only p57 and Ngn2 mRNA levels were increased at 24 h, with no change in p27 expression (Fig. 1H) . Finally, expression of p57 only was increased by NT-3 (Fig. 1H) . These results suggest that during the early-middle period of neurogenesis, p57 plays a role in neuronal differentiation and exhibits distinct regulation, consistent with its ontogenetic expression (Fig. 1A) .
In addition to differential regulation at E14.5, we wondered whether the CKIs may exhibit stage-dependent responses. Thus, we examined their expression in E17.5 rat cortical cells treated with PACAP or NT-3. p57, p27, and Ngn2 mRNA levels were not affected in E17.5 cortical cells incubated with PACAP for 24 h (Fig. 1I ) while S-phase entry, measured by the incorporation of 3 H thymidine (Lu and DiCicco-Bloom 1997; Mairet-Coello et al. 2009 ), was decreased (34.8 ± 4.13% of vehicle; n = 4; P < 0.001). These results suggest that 1) p57 regulation by PACAP is developmental stage-specific, 2) p27 is not transcriptionally regulated by PACAP, and 3) the antimitogenic effect of PACAP is mediated through different pathways at early and late embryonic stages. Surprisingly, NT-3 decreased p57, p27, and Ngn2 mRNA levels in E17.5 cells (Fig. 1I) . In this condition, S-phase entry was unexpectedly increased (192 ± 2.15% of control; n = 4; P < 0.001), suggesting that NT-3 has a mitogenic and/or trophic activity on cortical precursors at this embryonic stage.
Altogether, these results indicate that p57 and p27 expression are 1) differentially regulated by differentiation factors and 2) their regulation depends on the developmental stage.
p57 Promotes Cell Cycle Exit of Cortical Precursors In
Vitro Via Its N-terminal Domain, While Its C-terminal Portion Stimulates Proliferation To further explore the roles of p57 in corticogenesis, we used overexpression strategies: E14.5 rat cortical precursors were transfected with bi-cistronic expression plasmids containing EGFP and p57 cDNAs and assessed for proliferation and differentiation markers. Effects of p57 were compared with those of p27 and Ngn2 that induce neuronal differentiation in cortical precursors (Ge et al. 2006; Nguyen et al. 2006) .
Before examining effects of vector overexpression on cortical precursors in culture, we characterized cell composition of the model system. E14.5 cells were plated on poly-Dlysine and laminin-coated coverslips and incubated in Neurobasal/B27/bFGF medium for 2 h. Cells were fixed and processed for nestin and bIII-tubulin immunostaining. While 78% (±1.65; n = 3 coverslips) of cells expressed nestin, 15% (±2.02; n = 3 coverslips) expressed bIII-tubulin only, suggesting that the majority of cells at the time of transfection were initially precursors. Furthermore, the efficacies of plasmid constructs and transfections were verified by immunocytochemistry using antibodies against p57, p27, and Ngn2. High levels of the corresponding proteins were produced in cells transfected with the constructs (Supplementary Fig. S2A-O) . Moreover, all plasmids lead to similar transfection efficiencies ( Supplementary Fig. S2P ). Finally, to assess possible changes in Total RNA was extracted from cortices at the indicated stages of embryonic development and was subjected to Q-RT-PCR analysis. Data represent means ± SEM of values normalized to GAPDH and expressed as the percentage of the mRNA level at E12.5 (considered as 100%). p21 expression increases gradually from E12.5 to E20.5. While p27 exhibits major expression during mid-to late-corticogenesis, p57 mRNA is more abundant at early and middle stages. n 5 3 embryos. (B-D) p57 and p27 immunolabeling on frontal sections of E14.5 mouse neocortex. p57 (B) and p27 (D) are expressed mainly in the CP and IZ and in a subset of cells in the proliferative regions (VZ/SVZ). p57 and p27 signals were virtually absent in the cortex of p57KO (C) and p27KO (E) mouse, respectively, confirming the specificity of the labeling. Insets in B and D show the predominant nuclear localization of both p57 and p27 proteins. (F, G) In the VZ/SVZ, p57 was expressed in both cycling (PCNAþ, F) and postmitotic (TuJ1þ, G) cells. (H, I) Cultures of E14.5 (H) or E17.5 (I) rat cortical precursors were incubated with differentiation factors PACAP (10 À8 M) or NT-3 (10 ng/mL) for 24 h. At 24 h, total RNA was extracted and submitted to Q-RT-PCR analysis. Values were normalized to GAPDH and expressed as percent of control (means ± SEM). At E14.5, PACAP increased p57 and Ngn2 mRNA levels while NT-3 only increased p57 expression. At E17.5, PACAP had no effect on CKI or Ngn2 mRNA levels while NT-3 decreased p27, p57, and Ngn2 expression. n 5 6 dishes, 3 experiments, *P \ 0.05, **P \ 0.01, ***P \ 0.001, using unpaired Student's t test. Scale bars: 25 lm (B-G).
survival, we examined colocalization of apoptotic marker activated caspase 3 and found that it was similar for all constructs ( Supplementary Fig. S2Q-T) .
We first determined whether overexpressed CKI proteins were functional in cell cycle regulation by analyzing nuclear incorporation of S-phase marker BrdU. The proportion of p57 and p27 transfected cells entering S-phase was strongly reduced at 24 h by overexpressed CKIs (EGFP: 15.2 ± 1.18%; p27: 1.39 ± 0.27%; p57: 1.58 ± 0.19%; P < 0.01) and 48 h ( Fig. 2A-C) , indicating that p57 and p27 overexpression induces cell cycle arrest. Ngn2 also elicited cell cycle exit but not as effectively as the CKIs (Fig. 2A) .
In previous studies of p27, the highly conserved Nterminal domain alone regulated cell cycle inhibition but also promoted neural differentiation (Ohnuma et al. 1999; Nguyen et al. 2006 ). Thus, we analyzed the effects of overexpressing the N-terminal portion of p57 (Nterp57) that contains the cyclin/CDK binding/inhibitory domains and compared it with the C-terminal portion of p57 (Cterp57) that contains unique proline and acidic domains not shared by other Cip/Kip family members (Nakayama 1998 ). Similar to full-length p57, transfection with the Nterp57 construct strongly reduced BrdU incorporation, while in marked contrast, Cterp57 increased the percent of cells incorporating BrdU (Fig. 2A) . Furthermore, Cterp57 overexpression also increased mitosis at 48 h since more cells expressed the M-phase marker phosphohistone H3 (EGFP: 15.0 ± 1.64%; Cterp57: 24.5 ± 1.57%; P < 0.05). Together, these results indicate that 1) the N-terminal part of p57 is necessary and sufficient to elicit cell cycle exit and 2) Cterp57 portion stimulates proliferation. The proportion of cells expressing precursor marker nestin was decreased after p27, p57, and Nterp57 transfection but increased in cells transfected with Cterp57. (E, F) Double immunolabeling for EGFP (green) and nestin (red) in cells transfected with the empty EGFP plasmid (E) or p57 (F) vector. (G) The percent of cells labeled for neuronal marker TuJ1 was increased after p27, p57, and Nterp57 transfection and decreased in Cterp57 transfected cells. Some cultures were transfected with proneural Ngn2 plasmid, whose overexpression strongly promoted neuronal differentiation. (H, I) Double labeling for EGFP (green) and TuJ1 (red) after transfection with control (H) or p57 (I) plasmids. (J-S) After transfection, E14.5 cortical cells were incubated in medium containing bFGF (10 ng/mL) and CNTF (10 ng/mL) for 48 h to promote astroglial differentiation. The percentage of cells labeled for neuronal marker TuJ1 still increased after p27 and p57 overexpression in an astrocyte-promoting environment (J). More p27-transfected cells exhibited astrocyte marker GFAP, whereas the proportion of GFAPþ cells in p57 overexpressing cells was similar to the control (K). While a majority of cells transfected with Ngn2 were TuJ1þ (J), virtually no cells displayed GFAP expression (K). (L-S) Triple immunostaining for EGFP (green), GFAP (red), and TuJ1 (blue) after transfection with the empty (L-O) or p57 (P-S) vector. Arrows show colocalization of EGFP and GFAP expression and arrowheads identify EGFPþ TuJ1þ double-labeled cells. In all graphs, error bars indicate SEM (n 5 3-8 coverslips/group, 3 experiments, 400-700 EGFPþ cells, *P \ 0.05, **P \ 0.01, using the one-way analysis of variance followed by Dunnett post hoc test; #P \ 0.05, using unpaired Student's t test). Scale bars: 50 lm (B, C, E, F, H, I, L-S).
p57 and p27 Both Promote Precocious Neuronal Differentiation To compare effects of p57 and p27 on neuronal differentiation, cells transfected with CKI plasmids were immunolabeled for precursor marker nestin, postmitotic transcription factor Tbr1, or early neuronal marker bIII-tubulin at 48 h. The proportion of nestin+ precursors was decreased in p27 and p57 transfected cells (Fig. 2D-F) , indicating that fewer cells were precursors after CKI overexpression. Conversely, the percentages of Tbr1+ ( Supplementary Fig. S3A-D) and bIII-tubulin+ neurons (Fig.  2G-I) were both increased in p27 and p57 overexpressing cells, suggesting that both CKIs promote the transition from proliferation to differentiation. Interestingly, the increases elicited by p57 in both neuronal markers were approximately twice that resulting from p27 overexpression. For example, p57 overexpression increased the proportion of TuJ1-expressing cells to 58% compared with 28% in EGFP control ( Fig. 2G ; a 107% increase), whereas p27 only increased TuJ1 expression to 43%, representing a 56% increase. The greater stimulatory effects on TuJ1 and Tbr1 of p57 compared with p27 suggest potential differential effects on neuronal differentiation. By comparison, the neurogenic effects of p27 and p57 were somewhat smaller than the effect of Ngn2 (Fig. 2G) .
To define potential structural-functional relationships, we analyzed neural markers after transfecting the N-and Cterminal halves of p57. Nterp57 overexpression reduced neural precursors (Fig. 2D ) and induced neuronal differentiation as efficiently as full-length protein (Fig. 2G, Supplementary Fig.  S3A ,B, E) suggesting that the N-terminal part of p57 alone, like the N-terminal part of p27 , is sufficient to induce neuronal differentiation. In contrast, the proportion of nestin-expressing progenitors increased after Cterp57 transfection (Fig. 2D) while the percentage of differentiated neurons was reduced (Fig. 2G, Supplementary Fig. S3A,B,F) . This apparent reduction in differentiation markers probably reflects the increased number of dividing cells observed after Cterp57 transfection ( Fig. 2A) .
Complementary experiments using loss of function approaches were performed previously to investigate the roles of CKIs in cortical differentiation Itoh et al. 2007 ). To extend this work, we analyzed neuronal differentiation in vitro of E14.5 mouse embryonic cortical precursors that were deficient for p57. After 48 h of culture, we observed a phenotype opposite to that we observed in the overexpression model: the percent of precursors expressing nestin increased while the proportion of cells labeled for bIII-tubulin was reduced in p57KO cortical cells in comparison with WT cells (Fig. 3A-D) , indicating that the balance between precursors and differentiated neurons was altered in the absence of p57.
In aggregate, these results suggest that both p57 and p27 participate in the switch from cortical progenitor proliferation to neuronal differentiation, consistent with their expression pattern in the isocortex (Fig. 1B,D) .
p57 and p27 Regulate Neuronal/Glial Cell Fate in a Context-Dependent Manner The foregoing data indicate that overexpression of both p57 and p27 promotes precocious neuronal differentiation. To explore whether CKIs might influence neuronal versus glial cell fate, we challenged cells transfected with CKIs by providing a factor known to promote astrogliogenesis, CNTF (Bonni et al. 1997) . We retained bFGF in the posttransfection medium as the factor enhances CNTF-mediated astrocyte differentiation (Song and Ghosh 2004) . In these conditions, p57 and p27 were as effective in promoting cell cycle exit at 48 h as in medium containing bFGF only, as indicated by BrdU labeling index (EGFP: 39.8 ± 0.93%; p27: 1.2 ± 0.23%; p57: 1.1 ± 0.19%; P < 0.01). Moreover, p57 and p27 both increased the proportion of bIII-tubulin+ cells (Fig. 2J) . The effects, though somewhat smaller, reproduced the advantage in neuronal differentiation elicited by p57 (Fig. 2G) .
To examine gliogenesis, we characterized cells for astroglial marker GFAP. No GFAP immunoreactivity was detected at 2 days in cultures incubated with bFGF only (data not shown), consistent with our previous report (Carey et al. 2002) and the notion that neurogenesis is predominant at this time (Bonni et al. 1997; Sun et al. 2001 ). In the presence of CNTF, 23% of cells transfected with the empty EGFP plasmid expressed GFAP at 48 h (Fig. 2K-O) . In cells overexpressing p27, the percent of GFAP+ cells was strongly increased (Fig. 2K) , while in contrast, there was no change in the percent of cells expressing GFAP following p57 overexpression (Fig. 2K-S) . These observations suggest that CNTF can promote astrocyte differentiation in additional cells in the presence of p27, whereas p57 overexpression is not permissive for glial differentiation induced by CNTF. By comparison, Ngn2 overexpression enhanced neuronal differentiation as efficiently as in the medium without CNTF (Fig. 2J ). More strikingly, Ngn2 prevented the glial cell fate, reducing GFAP expression (Fig. 2K) .
To determine whether cell response to CKI overexpression depends upon the developmental stage of the progenitors, we performed similar experiments with cortical cells isolated from a later embryonic stage, E17.5. In the presence of bFGF alone, p57 and p27 overexpression increased neuronal differentiation of E17.5 cortical cells and reproduced the differential effects observed at E14.5 (Fig. 4A ). p57 and p27 also markedly increased the proportion of E17.5 cells expressing GFAP by 6.5-and 10-fold, respectively (Fig. 4B) , indicating that at a later embryonic stage, the 2 CKIs elicit precocious differentiation of both neuronal and glial progenitors. However, p57 overexpression produces proportionally more neurons than astrocytes while p27 favors gliogenesis, suggesting that CKIs may bias progenitors toward one lineage. Thus, we challenged E17.5 cortical precursors with astrogliogenic factor CNTF. In the presence of CNTF, p57 and p27 overexpression still increased neuronal differentiation of E17.5 cortical cells, by 3.3-and 2.2-fold, respectively (Fig. 4C) . The response of E17.5 cells to CNTF, however, was greater than E14.5 cells (Fig. 2K) , with 65% of cells transfected with the control vector expressing GFAP (Fig. 4D) . Contrary to E14.5 cells, p27 transfection did not enhance astrocyte differentiation elicited by CNTF while p57 decreased the proportion of GFAP+ cells, suggesting that p57 may partially prevent the astroglial fate promoted by CNTF in E17.5 precursors (Fig. 4D) . Similar to E14.5 cells, Ngn2 overexpression promoted neuronal differentiation and prevented CNTF astrogliogenic effects in E17.5 cells, increasing the proportion of bIII-tubulin+ cells by 4.7-fold ( Fig. 4C ) and reducing GFAP expression (Fig. 4D ).
In aggregate, these results suggest than p57 and p27 differentially modulate neuronal and glial differentiation depending upon the developmental stage of the progenitors and the environmental signals. In contrast, Ngn2 can instruct neuronal cell fate regardless the developmental stage or extracellular signals.
CKI Overexpression Enhances Process Outgrowth of Cortical Precursors In Vitro
Since cell cycle exit is correlated with neuritogenesis (PerezMartinez and Jaworski 2005; Song et al. 2005) , we examined whether CKIs also affect process outgrowth. We counted the number of processes per cell and measured the length of the longest process at 48 h after transfection. We found that the average number of primary processes per cell was significantly higher in p57 and p27 transfected cells (EGFP:
1.35 ± 0.14; p27: 2.55 ± 0.12; p57: 3.14 ± 0.36; mean number of processes ± SEM; P < 0.05). The average length of the longest process was markedly increased in p57 and p27 overexpressing cells (Fig. 5A) . Moreover, about twice as many p57 transfected cells extended very long processes (>5 cell body) compared with p27 and 4 times as many compared with control ( Fig. 5B -E,H), suggesting that CKIs may differentially regulate process outgrowth.
To extend the analysis of p57 structure-function relationships, we also examined process outgrowth in Nterp57 and Cterp57 transfected cells. While transfection of cells with Nterp57 promoted process outgrowth comparable with fulllength p57 (Fig. 5A-C ,E,F), cells transfected with Cterp57 did not exhibit longer processes compared with EGFP group (Fig.  5A-C,G) .
Since the quantity of plasmids integrated in a cell or the amount of protein translated cannot be controlled during transfection, we considered the possibility that differences in CKI-induced process outgrowth may be a consequence of differences in protein expression levels. We thus asked whether there was a relationship between the quantity of protein overexpressed in a cell and process length. Our observations show no correlation between the protein amount and process length, indicating that the differential effects of p57 and p27 on process outgrowth are not due to differences in protein levels ( Supplementary Fig. S4A,B) . In addition, we measured process length in cells transfected with 3 different initial quantities of plasmids. We found that 1) cell process length was not modified by the plasmid concentration used for a given vector and 2) p57 and p27 had differential effects on process outgrowth regardless of the initial plasmid concentration used for transfection ( Supplementary Fig. S4C ).
Although unlikely, we also considered the possibility that differences in CKI effects on process outgrowth resulted from the effects of chemical transfection reagents on process attachment or elongation. To address this, we introduced plasmids into E15.5 rat brains by ex vivo transuterine intracerebroventricular injections followed by electroporation. Cortical cells were immediately dissociated and cultured for 48 h on poly-D-lysine and laminin-coated glass coverslips in Neurobasal/B27/bFGF medium: We observed similar effects of p57 and p27 overexpression by electroporation on process outgrowth ( Supplementary Fig. S4D-F) .
To define the relationship of process extension to developmental stage of the precursor, we analyzed process In presence of CNTF, p27, p57, and Ngn2 still increased the proportion of TuJ1þ cells (C). GFAP expression (D) was strongly increased in control cells. While p27 overexpression did not significantly affect GFAP expression, less p57 transfected cells exhibited GFAP signal compared with the control. Ngn2 overexpressing cells were weakly responsive to astrogliogenic effect. In all graphs, error bars indicate SEM (n 5 3-8 coverslips/group, 3 experiments, 400-700 EGFPþ cells, *P \ 0.01, using the one-way analysis of variance followed by Dunnett post hoc test; #P \ 0.05, using unpaired Student's t test).
outgrowth after in vitro transfection in both nestin+ precursors and bIII-tubulin+ cells. The percent of nestin+ precursors bearing processes with length greater than 5 cell body diameters was 4-fold higher after p57 transfection and 3-fold higher in p27 overexpressing cells compared with the control at 48 h (Fig. 5I) . In contrast, the percentage of bIII-tubulin+ cells with long processes was not different at 48 h (EGFP: 80.1 ± 5.89%; p27: 86.5 ± 8.57%; p57: 81.3 ± 3.71%; P > 0.05).
Nor was there any difference in the length of the longest processes (EGFP: 92.1 ± 0.43 lm; p27: 103.7 ± 14.41 lm; p57: 95.2 ± 2.55 lm; P > 0.05). Since the majority of bIII-tubulin+ cells extended processes with similar length by 48 h in all groups, suggesting a ceiling effect, we examined cells at an earlier time. At 24 h, more p57 overexpressing cells labeled for bIII-tubulin bore long processes ( >5 cell body) compared with cells transfected with empty vector and p27 (Fig. 5J) . These findings suggest that CKIs differentially regulate process outgrowth in both nestin+ precursors as well as differentiating neurons exhibiting bIII-tubulin.
Since p57 overexpression enhanced process outgrowth, we wondered whether the effect might be diminished in its absence. We examined process outgrowth in p57KO and WT mouse cortical cells in culture. The number of cells bearing processes (>2 cell soma) was reduced in the p57-deficient cells compared with WT cells at 24 h (Fig. 5K) . Since p57 overexpression increased process length in both neural precursors and postmitotic neurons, we also measured process length of nestin+ progenitors and bIII-tubulin+ neurons in p57KO cortical cells. The length of the processes was reduced in both nestin+ (Fig. 5L ) and bIII-tubulin+ p57KO cells (Fig. 5M ). This effect, opposite to that observed in p57 overexpressing cells, supports a role for p57 in normal process outgrowth during development, as cells transition from precursor to differentiated neuron.
Effects of p57 and p27 Overexpression on Cell Cycle Exit, Neuronal/Glial Fate, and Differentiation of Cortical Progenitors In Vivo To determine whether p57 may influence neurogenesis in the developing cerebral cortex, we introduced the same plasmid constructs used in culture into E15.5 rat brains by transuterine intracerebroventricular injections followed by electroporation, and studied effects on cell cycle exit and differentiation in cortical progenitors. One day after surgery, EGFP colocalized with high levels of p57 or p27 proteins detected by immunoreactivity in cortical VZ cells transfected with the respective plasmids, validating the efficacy of in vivo transfections ( Supplementary Fig. S5A-D) . Moreover, no activated caspase-3 signal was detected in electroporated cells 3 days after electroporation whatever the vector used, suggesting CKI overexpression had no effect on cell survival in vivo (data not shown).
We analyzed the effects of CKIs on cell cycle exit by counting the percent of EGFP+ cells entering S-phase in the VZ at 24 h. The proportion of BrdU-labeled cells was markedly decreased in CKI overexpressing cells, indicating that forced CKI expression elicited cell cycle arrest in vivo (Fig. 6A-C) . In agreement with our in vitro results, Nterp57 blocked the cell cycle progression in vivo as well, while more VZ cells electroporated with Cterp57 incorporated BrdU than the control (Fig. 6A) , supporting the hypothesis that the C-terminal part of p57 may play a role in cell proliferation control opposite to that of the N-terminal portion.
To analyze effects of CKIs on neuronal/glial differentiation in vivo, we examined colocalization of EGFP with related cell type markers. For neuronal differentiation, we assessed sections for bIII-tubulin immunolabeling. The labeling appeared increased in the VZ of the cortical area electroporated with p57 plasmid compared with a cortex electroporated with the control vector, a neighboring tissue devoid of green signal or the contralateral cortex ( Fig. 6D-K) . However, counting of double-labeled cells on sections by confocal microscopy was hampered by the cytoplasmic localization of the bIII-tubulin immunoreactivity. To facilitate analysis, cells from cortices electroporated at E15.5 were dissociated at E16.5 and plated for 2 h before fixation and immunolabeling (Sanada and Tsai 2005) . We found that p57 overexpression increased bIII-tubulin expressing cells by 48%, (Fig. 6L-O) . In contrast, p27 overexpression had no effect at this time (Fig. 6L) . However, by 48 h, p57 and p27 both increased the number of cells labeled for bIII-tubulin (EGFP: 55.1 ± 4.02%; p27: 77.6 ± 1.82%; p57: 78.3 ± 1.62%; n = 4-5 embryos; P < 0.01). These data parallel the in vitro bIIItubulin results and indicate that p57 induces neuronal differentiation in vivo more precociously than p27 at this developmental stage. Moreover, the effect of p57 in vivo on bIII-tubulin was similar to that of Ngn2 (Fig. 6L) . Finally, in agreement with the in vitro data, Nterp57 promoted neuronal differentiation in vivo with the same efficacy as full-length p57, whereas there was no change in bIII-tubulin expressing cells following Cterp57 electroporation (Fig. 6L) .
To determine whether CKI overexpression affects astroglial differentiation in vivo, we electroporated embryos at E15.5 and assessed E18.5-19.5 brain sections for GFAP immunostaining. While GFAP+ fibers were revealed in the ventral telencephalon, no GFAP signal was detected in the cortex at these embryonic stages, regardless of which vector was injected (data not shown). We thus extended our analyses of neuronal/glial cell fate to P10, using NeuN and GFAP markers. While cells electroporated with the control vector at E15.5 did not exhibit any GFAP signal, some cells transfected with p57 and p27 expressed GFAP at P10 (Fig. 7A) , the balance expressing NeuN. Furthermore, since our in vitro transfection data suggested that CKI effects on cell fate and differentiation may depend on developmental stage, we also performed in utero electroporation at E18.5 and analyzed electroporated cells at P10. Cells transfected with the control vector were strictly NeuN+ and accumulated in cortical layers II-III, consistent with the insideout pattern of corticogenesis (Fig. 7B,C,E-H) . While the majority of CKI transfected cells also settled in the upper layers and expressed NeuN, 10.5% and 13.8% of cells overexpressing p57 and p27, respectively, were GFAP+ and were scattered throughout the cortical wall (Fig. 7B ,D,I-P). Together, these results indicate that p57 and p27 promote precocious neuronal and astrocyte differentiation. However, the amplitude of Figure 7 . Effects of p57 and p27 overexpression on astroglial differentiation of cortical progenitors in vivo. Embryos electroporated at E15.5 or E18.5 were sacrificed and perfused at P10. After cryosectioning, brain tissues were processed for EGFP, GFAP, and NeuN triple immunostaining. (A, B) The proportion of cells expressing GFAPþ signal over the total number of electroporated cells was counted on 4 sections per animal. While cells transfected with the control vector at E15.5 (A) or E18.5 (B) did not exhibit any GFAP signal at P10, some p27 and p57 overexpressing cells expressed the astrocyte marker, with a greater proportion of GFAPþ cells following electroporation at E18.5 (B) compared with cells transfected at E15.5 (A). (C, D) Low magnification of triple immunostaining for EGFP (green), GFAP (red), and NeuN (blue) after electroporation at E18.5 with the empty (C) or p57 (D) vector. Neurons (labeled for NeuN) generated from precursors transfected at E18.5 with EGFP (C) or p57 (D) accumulated in upper cortical layers. In contrast, GFAPþ p57 electroporated cells were scattered throughout the cortical wall (D, circles). (E-P) Representative higher magnifications of triple immunolabeling of cells transfected with the control (E-H) or p57 plasmid (I-P). H, L, P are merged images of E, F, G, and I, J, K, and M, N, O, respectively. (I-L) p57-transfected cells labeled for GFAP or NeuN in the upper cortical layers. (M-P) GFAPþ p57 overexpressing cell in the deeper cortical layers (circled in D). Arrows show colocalization of EGFP and NeuN expression and arrowheads identify EGFPþ GFAPþ double-labeled cells. Data represent means ± SEM, n 5 4-7 embryos/vector, 1000-3000 EGFPþ cells, P \ 0.001 using the one-way analysis of variance followed by Dunnett post hoc test; #P \ 0.05, using unpaired Student's t test. Scale bars: 200 lm (C, D), 25 lm (E-P).
astrocyte induction differs between the 2 CKIs in favor of p27 (Fig. 7A,B) and depends on the developmental stage.
p57 and p27 Overexpression Promotes Cortical Cell Radial Migration
While previous studies suggested that p27 influences neuronal migration in developing mouse neocortex Itoh et al. 2007 ), they were inconsistent regarding p57. Thus, we performed in utero electroporation in E15.5 rat embryos and analyzed the distribution of CKI transfected cells at both E18.5 and E19.5. In accordance with Nguyen et al. (2006) , the number of migrating EGFP+ cells increased in the CP and decreased in the VZ/SVZ following p27 overexpression compared with control at E18.5 (Fig.  8A,C,D) . While no change was observed at E18.5 following p57 electroporation (Fig. 8A,C,E) , the number of cells accumulating in the upper part of the CP was increased at E19.5 (Fig. 8B,F,G) . In comparison, Ngn2 overexpression markedly enhanced cortical migration at 4 days, as previously reported (Hand et al. 2005) , with however a greater effect than p57 (Fig. 8B,F,G,K) . These observations suggest that both p57 and p27 enhance cortical neuronal migration, though with different temporal profiles and potentially distinct mechanisms. We considered the possibility that differences in migration effects might be attributable to differences in protein levels. Thus, we compared the distance that electroporated cells migrated as a function of intensity of p27 and p57 immunofluorescence. We found no correlation between immunofluorescence intensity and distance of migration ( Supplementary  Fig. S5E,F) , indicating that effects on cell migration do not depend on the quantity of overexpressed protein. Moreover, the 2 CKIs did not appear to alter the radial glial scaffolding based on the morphology of nestin immunolabeled fibers (data not shown), suggesting a cell autonomous effect on cell migration.
We extended our analyses on migration and positioning of p57 electroporated cells to after birth, when cortical cell migration is completed. Cortices of P10 brains electroporated at E15.5 were divided into 9 equal bins. In agreement with the prenatal observations, we found that more p57 transfected cells accumulated in the upper bins (1-4) than the control, while no difference was detected in the lower bins (5-9) (Fig. 9A-F) . Since bins 1-4 roughly corresponded to cortical layers II-IV, we analyzed cell migration/position in the upper layers II-III defined with specific marker Cux1. While no change was measured in the total proportion of cells settled in the Cux1 layer (EGFP: 40.5 ± 5.59%; p57: 41.9 ± 8.40%, P > 0.05), a larger proportion of p57-transfected cells were located in the upper half of the layer (Fig. 9G-K) . These results suggest that p57 does not likely alter laminar phenotype but rather influences cell positioning within the layer of destination.
Finally, we analyzed the effects of Nterp57 and Cterp57 overexpression on neuronal migration in vivo. Contrary to the N-terminal part of p27 , Nterp57 overexpression promoted cell migration as effectively as the fulllength protein (Fig. 8B,G,H) . In contrast, Cterp57 overexpressing cells accumulated in the IZ 4 days after electroporation Data represent means ± SEM (n 5 5-7 pups, 500-700 EGFPþ cells, *P \ 0.05, compared with the corresponding bin in the control, using Student's t test). Scale bars: 100 lm (A-D) , 50 lm (G-J). (Fig. 8B,F,I ). To determine whether these cells in the IZ were actively dividing precursors or postmitotic neurons, we performed double immunolabeling with neural progenitor markers Pax6 and Tbr2 and neuronal marker bIII-tubulin. Virtually no electroporated cells expressed either Pax6 or Tbr2 (data not shown) but they were positive for neuronal marker bIII-tubulin ( Supplementary Fig. S6A-F) . In addition, we did not detect any electroporated cells labeled for astrocyte marker GFAP or oligodendrocyte marker CC1 (data not shown). These observations suggest that Cterp57 overexpression may impair neuronal radial migration. However, since Cterp57 overexpression stimulated proliferation 24 h after electroporation in vivo, we cannot exclude that accumulation of neurons in the IZ 4 days after electroporation may be caused by the increased number of progenitors in the VZ/SVZ days before.
p57 Effects on Cell Differentiation and Migration Depend on the Cyclin/CDK Binding/Inhibitory Sites CKIs clearly exhibit additional functions that are not linked to cell cycle control (Ohnuma et al. 1999; Joseph et al. 2003; Nguyen et al. 2006) . To determine whether effects of p57 are related to cell cycle exit, we generated a p57 mutant vector (p57CK-) deficient for interaction with both cyclins and CDKs.
In vitro transfection of E14.5 cortical cells with p57CK-lead to high levels of p57 protein at 24 h ( Supplementary Fig. S7A -C). Contrary to the WT form, the cell cycle mutant of p57 did not promote cell cycle exit, with a BrdU-labeling index at 48 h similar to that of the control (Supplementary Fig. S7D-G) . The mutant form did not induce neuronal differentiation in culture since no difference in the proportion of bIII-tubulin+ cells was observed in comparison with the control at 48 h (Supplementary Fig. S7H ). Likewise, p57CK-did not induce astrocyte differentiation of E17.5 precursors in vitro with a percentage of GFAP+ cells similar to the control (Supplementary Fig. S7I ). p57CK-expression also did not affect process outgrowth with an average length of the longest process close to that of the control at 48 h ( Supplementary Fig. S7J ).
In vivo, cells electroporated with p57CK-mutant expressed high levels of p57 protein ( Supplementary Fig. S7K ) and incorporated BrdU normally ( Supplementary Fig. S7L,M) . bIIItubulin immunostaining of cells dissociated from cortices 24 h after electroporation indicated that p57CK-did not significantly alter neuronal differentiation in vivo ( Supplementary Fig.  S7N ). Furthermore, p57CK-transfection did not promote cortical cell migration. On the contrary and similar to Cterp57, more p57CK-transfected cells accumulated in the IZ 4 days after electroporation while less reached the CP (Fig. 8B,F,I , J). Double immunolabeling with bIII-tubulin indicated that cells accumulating in the IZ were postmitotic neurons (not shown), suggesting that p57CK-impaired neuronal migration independently of a role on precursor proliferation. Altogether, these experiments suggest that p57 effects on cortical neuronal differentiation and migration require cyclin/CDK binding/ inhibitory domains.
Discussion
Our observations indicate that p57 and p27 have similar as well as differential effects during corticogenesis. While they both induce cell cycle exit, differentiation, neurite outgrowth, and migration, the amplitude of their effects is not equivalent. Interestingly, they differentially regulate neuronal/glial cell fate depending on environmental signals. Moreover, the analogous molecular domains of the CKIs exert both common as well as distinct functions. Contrary to p27, all developmental effects of p57 require the cyclin/CDK binding/inhibitory domains, suggesting the 2 CKIs regulate corticogenesis through different molecular pathways.
CKI Expression and Regulation in Cortical Precursors
Cip/Kip genes exhibited distinct temporal expression profiles during embryonic cortical development. While p57 mRNA was more abundant at early/middle stages, p27 was highly expressed at late stages, suggesting that they play similar or distinct roles at different stages of corticogenesis. p57 and p27 proteins were mainly expressed in postmitotic compartments in cerebral cortex, with fewer cells in the proliferative zone, suggesting roles in several stages of corticogenesis. Interestingly, p57 was expressed in groups of cycling precursors and postmitotic cells in the VZ/SVZ, suggesting a role in the transition from precursor proliferation to differentiation. These observations diverge with previous reports showing p57 protein localized to the CP with faint expression in the IZ and no signal in the VZ/SVZ Itoh et al. 2007 ). This discrepancy is likely due to the different antibodies and/or fixation methods used for p57 detection. The immunolabeling we observed is specific to p57 since 1) no signal was detected in p57KO brains by immunohistochemistry and 2) is consistent with p57 expression detected by in situ hybridization in VZ/SVZ and CP in embryonic rat cortex (van Lookeren Campagne and Gill 1998).
p57 and p27 mRNA levels were decreased by mitogenic bFGF, consistent with previous studies and their role in cell cycle exit (Frederick and Wood 2004; Li and DiCicco-Bloom 2004) . As described previously (Itoh et al. 2007 ), p57 and p27 mRNA levels, as Ngn2, were increased upon neuronal differentiation induced by mitogen withdrawal, supporting a role for CKIs in neurogenesis. However, only p57 and Ngn2 expression was increased in E14.5 precursors following antimitogenic PACAP exposure, supporting that PACAP selectively regulates p57 expression (Carey et al. 2002) . In contrast, no difference in p57 expression was detected after PACAP treatment of E17.5 cells, suggesting that effects are mediated through different mechanisms depending on developmental stage. While NT-3 increased p57 levels in E14.5 precursors, it decreased p57, p27, and Ngn2 expression and increased DNA synthesis at E17.5, suggesting that NT-3 has opposite effects on proliferation/differentiation during early-and late-corticogenesis. Overall, these results suggest that p57 and p27 expression are differentially regulated and depend on both extracellular environment and developmental stage. p57 and p27 Differentially Regulate Neuronal and Glial Differentiation in a Context-Dependent Manner Our studies add further evidence that CKIs regulate cell fate and differentiation (Dyer and Cepko 2000; Ohnuma et al. 2001) . Forced expression of p57 or p27 elicited robust cell cycle exit in vivo and in vitro. Cip/Kip proteins share a highly conserved cyclin/CDK binding/inhibitory domain in their N-terminal region that can block/delay cycle progression of progenitors from diverse tissues (Cunningham and Roussel 2001) . In addition, both p57 and p27 overexpression induced premature precursor differentiation in vitro and in vivo, reducing expression of nestin and increasing Tbr1 and bIII-tubulin without altering cell death/survival. In agreement, in p57-deficient cortical cells, the precursor population expanded at the expense of differentiated cells. It remains to be determined whether p57 1) controls proliferation and differentiation independently, 2) acts solely on proliferation with effects on differentiation being a natural consequence, or 3) alters activity of some upstream master regulator of the transition from proliferation to differentiation. Our observations indicate that p57 promotes greater neuronal differentiation than p27 both in vitro and in vivo regardless of environmental signals or developmental stage, suggesting that p57 may serve as one factor biasing cells toward a neuronal fate. In the presence of CNTF, p57 enhanced neuronal differentiation but did not permit astrocyte differentiation of E14.5 precursors. In contrast, p27 increased both neuronal and glial differentiation, supporting a role for p27 in astrocyte differentiation as reported previously . At a late embryonic stage, when endogenous gliogenesis begins (Miller and Gauthier 2007; Faigle et al. 2008) , both CKIs promoted gliogenesis in vitro and in vivo. However, p57 produced proportionally more neurons than astrocytes in vitro while p27 had the opposite effect. And in vivo, p57 produced 4-fold less astrocytes than p27 (E15.5-P10). Finally, p57 was not permissive to CNTF gliogenic effect contrary to the control and p27. These results suggest that CKIs may differently regulate cell fate/differentiation as a function of local environmental signals, as proposed previously (Ohnuma et al. 1999; Mochizuki et al. 2009 ). One may speculate that CKIs influence cell differentiation through differential interactions with lineage-specific transcription factors, though other models are possible. In contrast, Ngn2 instructs a neuronal fate by promoting neurogenesis and inhibiting gliogenesis regardless of extracellular environment, in agreement with previous studies (Sun et al. 2001 ).
p57 Regulates Process Outgrowth and Radial Migration
In vitro, p57-deficient cells grew shorter processes, while p57 overexpression enhanced process outgrowth, in both differentiated cells and precursors. These results suggest that p57 may play a role in the early stages of neuritogenesis including initiation of neurite formation and elongation (Tojima and Ito 2004) before precursors acquire a phenotype of differentiated neuron. However, p57 may also contribute to further stages, such as axon polarization and/or elongation (da Silva and Dotti 2002). In addition, p57-overexpressing cells extended longer processes than p27-transfected cells, suggesting that CKIs differentially regulate process outgrowth, potentially through distinct cytoskeleton pathways or affecting distinct progenitor populations. p57 can regulate actin dynamics by binding and translocating into the nucleus the serine/threonine kinase LIMK-1, a downstream regulator of Rho family GTPases that stabilize actin filaments (Yokoo et al. 2003; Heinen et al. 2008) . Several studies suggest a role for CKIs and p27 in particular, in cell motility and migration through regulation of actin organization (Tanaka et al. 2002; Besson et al. 2004; Kawauchi et al. 2006; Nguyen et al. 2006) .
In vivo, both p57 and p27 overexpression promoted cortical cell migration but at different times, p27 affecting migration before p57. p27 knock down in developing mouse neocortex impaired neuronal migration in both the IZ and CP (Kawauchi et al. 2006; Nguyen et al. 2006 ) while p57 RNA interference resulted in a significant delay in the CP only (Itoh et al. 2007 ). These observations suggest that functions of p57 and p27 in cell migration may not be redundant. The 2 CKIs may affect migration of distinct cell populations and/or different steps of radial migration, with p27 regulating migration from the VZ to CP, and p57 controlling proper positioning of neurons within the CP. Supporting this hypothesis, we found that intralaminar position of p57 overexpressing cells was altered in layers II-III in P10 cortices electroporated at E15.5, with more cells occupying the upper region compared with control cells.
Although unlikely, one might consider an alternative model in which p57 acts only on cell cycle exit, with changes in migration and differentiation as mere consequences. However, such precocious cell cycle exit induced by p57 overexpression would produce a cohort of cells with a slightly earlier birthdate, which cells in turn should localize to deeper layer II/III positions. In contrast, we found cells migrating past the usual laminar position to more superficial layers. These observations suggest that p57 also serves to independently regulate cell positioning. Further studies on migration mechanisms remain to be performed.
The N-terminal and C-terminal Regions of p57 Exhibit Opposite Functional Effects Similar and distinct phenotypes were observed after overexpressing analogous molecular regions of p57 and p27. Consistent with their structural similarity, N-terminal regions of both CKIs can induce both cell cycle exit and differentiation . However, contrary to Nterp27 ), Nterp57 also promoted migration. Furthermore, while the C-terminal region of p27 promoted cortical migration and minimally enhanced differentiation ), Cterp57 stimulated proliferation and impaired neuronal migration, supporting the proposal that CKIs play distinct roles through their divergent C-terminal structures. In addition to the QT domain common to p57 and p27, Cterp57 contains unique proline rich and acidic domains (Nakayama 1998) , which are involved in protein-protein interactions. Proline-rich domains are potential binding sites for Src homology 3 domains that are associated with various functions including signal transduction, cell polarization, and membrane-cytoskeleton interactions (Mayer 2001) .
While our observations suggest that Nterp57 is necessary and sufficient to induce cell cycle exit, differentiation and migration, Cterp57 overexpression enhanced cell cycle progression in vitro and in vivo. While splice variants of p57 mRNA that generate proteins with different amino-terminal sequences have been detected in the rat (Potikha et al. 2005) , to our knowledge, no isoforms with divergent C-terminal extremities have been reported. Intriguingly, the proliferative activity of Cterp57 is reminiscent of a previous study showing that the Nand C-terminal portions of human p27 play opposite regulatory roles in G2/M progression in Xenopus oocytes (Font de Mora et al. 1997) . While the N-terminal portion is inhibitory, the Cterminal fragment activated p34 cdc2 kinase (CDK1) through direct interaction, likely increasing proliferation.
p57 Activities Require the Cyclin/CDK Binding/Inhibitory Domains The mutant form of p57 lacking the cyclin/CDK binding/ inhibitory domains, as expected, did not block cell cycle progression, but it also did not promote differentiation while it impaired neuronal migration, effects which contrast with the corresponding p27 mutant ). These results suggest that functions of p27 and p57 in cell differentiation and migration involve different pathways. While p27 activities are cell cycle independent , p57 effects apparently rely on cyclin/CDK binding/inhibitory domains. Since both CDK inhibitory activity and cyclin/CDK binding were suppressed by the mutations, 2 hypotheses should be considered: 1) p57 functions may require inhibition of CDK activity (cell cycle-dependent functions) or 2) they may only involve interactions with cyclin/CDK complexes but not the CDK inhibitory activity (cell cycle-independent functions). Consistent with the latter hypothesis, the role of p21 in Mu¨ller glial cell fate was shown to be independent of growth arrest but dependent on its interaction with cyclin D1/CDK4 complexes (Ohnuma et al. 1999 ).
In conclusion, p57 regulates multiple stages of corticogenesis, similar to p27. Since both CKIs promote the transition of neural precursors to all lineages of neural cells including neurons, astrocytes (our results), and oligodendrocytes Durand et al. 1997; Dugas et al. 2007 ), they do not likely act as determinant factors. Rather, they trigger differential cell responses to other intrinsic and extrinsic signals that may instruct a particular cell fate. Further investigations will need to define the common and/or distinct signaling pathways through which p57 and p27 differentially influence cell fate determination.
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